Inputs from multiple sites in the telencephalon, including the hippocampus and basolateral amygdala (BLA), converge on neurons in the nucleus accumbens (NAc), and dopamine (DA) is believed to play an essential role in the amplification and gating of these different limbic inputs. The present study used extracellular single-unit recordings of NAc neurons in combination with chronoamperometric sampling of mesoaccumbens DA efflux to assess the importance of DA in the integration of different limbic inputs to the NAc. Tetanic stimulation of the fimbria potentiated hippocampal-evoked firing activity of NAc neurons and increased DA extracellular levels. Systemic administration of the D 1 receptor antagonist SCH23390 or the NMDA receptor antagonist CPP abolished the potentiation of hippocampal-evoked activity and produced a D 2 receptormediated suppression of evoked firing. In neurons that received converging input from the hippocampus and BLA, fimbria tetanus potentiated hippocampal-evoked firing activity and suppressed BLA-evoked activity in the same neurons. Both D 1 and NMDA receptors participated in the potentiation of fimbriaevoked activity, whereas the suppression of BLA-evoked activity was blocked by either D 1 receptor antagonism with SCH23390 or the adenosine A 1 antagonist 8-cyclopentyl-1,2-dimethylxanthine. Coincidental tetanus of both the fimbria and BLA resulted in potentiation of both inputs, indicating that DA and adenosine-mediated suppression of BLA-evoked firing was activity-dependent. These data suggest that increases in mesoaccumbens DA efflux by hippocampal afferents to the NAc play a critical role in an input selection mechanism, which can ensure preferential responding to the information conveyed from the hippocampus to the ventral striatum.
Neural mechanisms for the selection of adaptive behaviors in response to constantly changing environmental conditions are essential for survival in all species. Different adaptive responses can be influenced by multiple memory systems involved in specific cognitive operations which in turn control specific patterns of behavior (Sherry and Schacter, 1987; Nadel, 1992; McDonald and White, 1993) . It remains to be determined how the brain integrates inputs from different information-processing systems to produce complex sequences of behavior appropriate to different environmental stimuli. For example, in ambiguous situations when an organism must choose between a variety of response options, which cellular mechanisms enable one neural network to have preferential access to motor effector sites, while inhibiting other potentially competing circuits?
The nucleus accumbens (NAc) is well situated for the integration of inputs from separate neural networks such as the hippocampal formation, which computes spatial and contextual information, or the basolateral amygdala (BLA), which processes stimulus-reward associations (Eichenbaum, 1996; Robbins and Everitt, 1996) . The NAc receives excitatory glutamatergic afferents from limbic regions such as the BLA, prefrontal cortex, and hippocampus (Groenewegen et al., 1991; Brog et al., 1993; Mogenson et al., 1993; Pennartz et al., 1994; Meredith and Totterdell, 1999) and in many instances, inputs from these anatomically and functionally distinct regions converge on the same medium spiny neurons (Callaway et al., 1991; O'Donnell and Grace, 1995; Mulder et al., 1998) . The NAc also receives a dense projection from dopaminergic neurons in the ventral tegmental area (VTA) ( Nauta et al., 1978; Björklund and Lindvall, 1984; Voorn et al., 1986) . Recent neurochemical studies have shown that glutamatergic limbic inputs from the hippocampus and BLA can also exert direct control over phasic increases in mesoaccumbens DA release, in addition to release mediated by bursting activity of VTA neurons (Chergui et al., 1994) . Brief, higher-frequency (Ͼ5 Hz) electrical stimulation of the ventral hippocampus or the BLA produces robust and long-lasting increases in mesoaccumbens DA efflux, and these effects appear to be mediated in part by glutamate-dependent mechanisms localized within the NAc (Blaha et al., 1997; Floresco et al., 1998; Taepavarapruk et al., 2000) .
The effects of DA on striatal neurons are complex and can either inhibit Mogenson, 1984, 1986; White and Wang, 1986; Pennartz et al., 1991; Mogenson et al., 1993; Harvey and Lacey, 1997) or facilitate (Pennartz et al., 1991; Gonon and Sundstrom, 1996; Harvey and Lacey, 1997; Hernández-López et al., 1997; Cepeda and Levine, 1998) synaptic activity of medium spiny neurons evoked by excitatory glutamatergic afferents. Sim-ilarly, DA can also exert differential effects on synaptic plasticity of striatal neurons, promoting either long-term potentiation or depression of glutamate inputs to medium spiny neurons, as a function of specific experimental conditions. Bath application of DA promotes long-term depression, whereas similar applications of DA in absence of extracellular Mg 2ϩ , or pulsatile administration of DA coincidental with tetanic stimulation of corticostriatal afferents facilitates long-term potentiation (Wickens et al., 1996; Calabresi et al., 2000; Nicola et al., 2000) . These opposing actions of DA suggest that mesoaccumbens DA may play an important role in the integration and gating of different limbic signals to the NAc, by amplifying one subset of inputs while concurrently inhibiting activation of medium spiny neurons evoked by other afferent projections (Oades, 1985; Mogenson et al., 1993; Pennartz et al., 1994; Ikemoto and Panksepp, 1999; Redgrave et al., 1999) . Although this remains a distinct possibility, previous studies investigating the effects of DA have focused independently on either its suppressive or facilitatory effects. Differential modulation by DA of separate limbic inputs converging on the same neurons in the NAc has yet to be demonstrated. The present study used electrophysiological recordings from NAc neurons that responded to either hippocampal stimulation alone or both hippocampal and BLA stimulation to assess (1) the relation between evoked efflux of DA in the NAc measured by chronoamperommetry and post-tetanic potentiation of the hippocampal-NAc pathway, (2) the effect of this potentiation on subsequent activity evoked by stimulation of the BLA on neurons receiving convergent input, and (3) the involvement of specific DA, glutamate, and adenosine receptors in these forms of homosynaptic facilitation and heterosynaptic depression.
MATERIALS AND METHODS

Animals and surg ical preparations.
A total of 111 male hooded rats (L ong-Evans, Charles River, St. Constant, Quebec, C anada) weighing 250 -350 gm were used. Animals were housed in individual stainless steel cages at constant room temperature (24°C, 60% relative humidity) and maintained on a 12 hr light /dark cycle (lights on at 7:00 A.M.). Food and water were available ad libitum.
Rats were anesthetized with urethane (1.5 gm / kg, i.p.) and mounted in a stereotaxic frame. Body temperature was maintained at 37°C with a temperature-controlled heating pad (American Hospital Supplies, McGraw Park, IL). Rats were implanted with concentric bipolar electrical stimulating electrodes (SN E-100; Rhodes Medical Company, Kopf) in the fimbria and the BL A. The stereotaxic coordinates were: flat skull, fimbria electrode ϭ anteroposterior (AP) Ϫ1.3 mm (bregma), mediolateral (ML) ϩ1.6 mm, dorsoventral (DV) Ϫ4.0 mm (cortex); BL A electrode ϭ AP Ϫ3.2 mm, ML ϩ5.0 mm, DV Ϫ7.0 mm.
In some rats, stearate-modified graphite paste electrochemical recording electrodes that permit in vivo measurement of changes in DA efflux without interference from other oxidizable compounds in brain extracellular fluid (Blaha and Phillips, 1996 ; cf. their references) were implanted stereotaxically into the NAc, ipsilateral to both stimulating electrodes (AP ϩ1.5, ML Ϫ1.0 at 15°angle, DV Ϫ6.5 mm). In these preparations, an Ag-AgC1 reference and stainless steel auxiliary electrode combination was placed in contact with cortical tissue 4 mm posterior to bregma.
E xtracellular recordings. E xtracellular single-unit activity was recorded with glass microelectrodes (5-10 M⍀; filled with Fast Green dye and 0.5 M sodium acetate). Single-unit activity was filtered (bandpass 500 -5000 Hz), and individual action potentials from single units were separated from noise using a window discriminator and sampled on-line by a computer connected to a Data Translation DT 2821 analog-to-digital board interface. Peristimulus time histograms were constructed on-line. For rats that had electrochemical recording electrodes implanted in the NAc, the placement of the microelectrode was set to the same anterior plane as the electrochemical recording electrode (ϳAP ϩ1.5), and was 0.9 -1.3 mm lateral from the midline and 5.0 -7.0 mm ventral from the top of the cortex. This medial region of the NAc exhibits the greatest proportion of neurons that receive converging input from both the hippocampus and the BL A (Mulder et al., 1998) , as opposed to the NAc core, which has very few neurons that receive converging inputs (Finch, 1996) . The arrangement of electrodes ensured that the glass microelectrode would be in close proximity to the electrochemical recording electrode. Microelectrodes were lowered slowly into the medial shell region of the NAc using a hydraulic microdrive. C ells that displayed a signal-to-noise ratio of Ͻ3:1 were not included in the analysis. Likewise, cells that displayed spontaneous activity of Ͼ5 spikes/sec were also not used in the analysis.
Electrochemical recordings. Repetitive chronoamperometric measurements of oxidation current using an electrometer (Echempro, Vancouver, British Columbia, C anada) were made by applying a potential pulse from Ϫ0.15 to ϩ0.25 V versus Ag-AgC l to the recording electrode for 1 sec at 30 sec intervals and monitoring the oxidation current at the end of each 1 sec pulse. The timing of the potential pulse was set so that it would occur Ͼ300 msec after electrical stimulation of either the fimbria or the BL A to ensure that the artifact produced by the pulse would not overlap with evoked activity of NAc neurons. Prestimulation baseline currents were normalized to zero current values with stimulated changes in the baseline signal presented as absolute changes (increases as positive and decreases as negative values) in DA oxidation current (for details, see Blaha et al., 1997) .
Stimulation protocol. After the glass microelectrodes had been lowered to the dorsal border of the NAc, a cell-searching procedure began. In this procedure, alternating stimuli were delivered to the fimbria and the BL A (1800 A) at 750 msec intervals, while the microelectrode was lowered incrementally through the NAc. C athodal constant current pulses (0.2 msec duration) were delivered to the fimbria and BL A through an Iso-Flex optical isolator (A.M.P.I., Jerusalem, Israel) via a Master-8 programmable pulse generator (A.M.P.I.) using parameters noted below. Once a cell was detected, the position of the microelectrode was adjusted to maximize the spike amplitude relative to background noise. Neurons that responded only to fimbria stimulation or received converging input from both the hippocampus and the BL A, were identified by their robust excitatory response after fimbria stimulation alone or by response to both fimbria and BL A stimulation. C ells that did not exhibit a monosynaptic response component to fimbria stimulation (latency range 6 -11 msec; Mulder et al., 1998) were not used in the data analysis.
Once a cell was isolated, stimulation currents were adjusted to approximately half-maximal stimulation intensity (range, 200 -1900 A) , so that ϳ50 action potentials were evoked in response to a train of 100 fimbria or BL A stimulations delivered at 2 Hz frequencies. Evoked spike probabilities were calculated by dividing the number of action potentials observed by the number of stimuli administered. Changes in spike probabilities were used as an index of changes in the influence that hippocampal and BL A inputs exert over NAc neuronal activity. For neurons that responded only to fimbria stimulation, trains of 2 Hz stimulation to the fimbria (100 pulses for 50 sec) were delivered every 3-5 min. Once stable levels of evoked-spiking activity were obtained (Ͻ15% variation in spike probability over 5-10 min), one tetanic stimulation of the fimbria was administered (200 pulses at 20 Hz for 10 sec, suprathreshold intensity). Previous investigations in our laboratory have shown that this tetanus parameter produces a reliable and robust increase in DA efflux in the NAc (Blaha et al., 1997; Taepavarapruk et al., 2000) . T wo minutes after tetanus (assigned as time 0), trains of 2 Hz fimbria stimulation were applied (100 pulses for 50 sec at the same current as before tetanus), and this was repeated at 5 min intervals for another 25 min. Data were normalized to the spike probability of the sample 2 min before tetanus, and the data were analyzed in terms of percent change in spike probability.
A similar stimulation protocol and analysis was used for NAc neurons that received converging limbic input. Once isolated, stimulation currents for both inputs were adjusted to 50% maximal responding at 2 Hz frequency. Stimulation by single pulses at 2 Hz (100 pulses for 50 sec) was administered to the BL A followed by an identical train to the fimbria. After stable baseline spike probabilities, a tetanus was delivered to the fimbria (200 pulses, 20 Hz for 10 sec). After tetanic stimulation (time 0), trains of 2 Hz stimuli (100 pulses for 50 sec) were delivered to the BL A at time points 15 sec, 2 min, and every 5 min thereafter; identical trains were delivered to the fimbria at time points 1 min, 3 min, and every 5 min after, to a maximum of 25 min. No more than two tetani to the fimbria were administered per animal, and the interval between tetanic stimulations was at least 3 hr.
Pharmacolog ical manipulations. To permit administration of pharma-cological antagonists, separate groups of rats were implanted with intravenous jugular catheters, consisting of PE 10 tubing attached to a 30 gauge needle and a 1 cc syringe. During these experiments, no electrochemical recordings were obtained. Unless otherwise specified, all drugs were administered 10 -15 min before tetanic stimulation of the fimbria. The selective D 1 receptor antagonist SCH23390 (0.5, 0.05, or 0.005 mg / kg; Research Biochemicals, Natick, M A) and the selective NMDA receptor antagonist C PP (1.0 or 0.1 mg / kg; Research Biochemicals) were dissolved in physiological saline. The selective D 2 receptor antagonist sulpiride (5.0 mg / kg; Research Biochemicals) was dissolved in a drop of NaOH and PBS. The adenosine A 1 receptor antagonist 8-cyclopentyl-1,2-dimethylxanthine (DPC PX) (2.5 mg / kg; Research Biochemicals) was dissolved in DMSO. The concentrations of these solutions were set so that injection volumes would range between 0.15 and 0.30 ml. No more than two drug injections were given per animal, and in the interval between injections was at least 3.5 hr. Histolog ical assessment. After completion of each experiment, an iron deposit was made in the fimbria and BL A stimulation sites by passing DC current (100 A for 10 sec) through the stimulating electrode. A dye deposit was made in the NAc recording site by ejecting Fast Green with a 20 A anodal current for 10 min. The brain was removed and placed in 10% buffered formalin containing 0.1% potassium ferricyanide. After fixation, 50 m sections were cut on a freezing microtome and stained for Nissl substance with cresyl violet. A Prussian Blue spot resulting from a redox reaction of ferricyanide marked the stimulation site. The placements of electrochemical recording electrode, glass microelectrode, and stimulating electrodes were determined under a light microscope and are represented in Figure 1 .
Data anal ysis.
For the electrochemical recordings, pre-tetanus baseline currents were normalized to zero current values, and stimulated changes in the baseline signal were presented as absolute changes (increases as positive and decreases as negative values) in DA oxidation current. These data were analyzed using a one-way, repeated measures ANOVA with time as a within-subjects factor. Multiple comparisons were made versus the sample taken 2 min before tetanus and for data points at time 0 (tetanus) and at time points when either the fimbria or BL A were stimulated at 2 Hz. Analysis of the extracellular recording data required that pre-tetanus baseline spike probabilities be normalized to the spike probability of the sample 2 min before tetanus, so that the relative change in spike probability at this time point would be 0. These data were then converted to percent change in spike probability, using the formula: (sample spike probability Ϫ baseline spike probability) Ϭ baseline spike probability. Thus, a ϩ100% change in spike probability after fimbria tetanus would indicate that twice as many action potentials were elicited over a 100 pulse train of 2 Hz stimulation, relative to the number of action potentials that were observed using the same stimulation current before tetanus. Statistical comparisons were made with the spike probability recorded 7 min before tetanus.
Data obtained from cells which responded only to fimbria stimulation but not the BL A were analyzed using a two-way, between-and withinsubjects ANOVA, with drug condition as the between-subjects factor and time as the within-subjects factor. Data from neurons that received converging input from both the fimbria and BL A were analyzed using a three-way, between-and within-subjects ANOVA, with drug condition as the between-subjects factor, and time and input (fimbria or BL A) as two within-subjects factors. Multiple comparisons for both the electrochem- Paxinos and Watson (1997) . Numbers correspond to millimeters from bregma. B, C, Photograph of a representative placement of a stimulating electrode in the fimbria ( B) and the BLA ( C). Arrows highlight the location of stimulating electrode placements. cc, Corpus callosum; CPu, caudate putamen; opt, optic tract.
ical and electrophysiological analyses were made using two-tailed Dunnett's test for repeated measures.
RESULTS
Dopaminergic and glutamatergic mechanisms mediating the potentiation of hippocampal-evoked spiking activity of NAc neurons
Data from a total of 93 NAc neurons that responded only to stimulation of the fimbria, but not the BLA, were used in the present analysis (63% of all neurons tested). In these cells, fimbria stimulation evoked a short-latency, monosynaptic spike (latency range, 6 -11 msec), and in some cells, a longer latency polysynaptic spike (latency range, 19 -31 msec; n ϭ 33; see Mulder et al., 1998) . The mean baseline spike probability for all cells was 0.464 Ϯ 0.02. The baseline spike probabilities did not differ between treatment groups (F (8,61) ϭ 0.99; NS).
The initial experiment assessed the effect of tetanic stimulation of the fimbria on both changes in mesoaccumbens DA release and fimbria-evoked neuronal spiking activity. Extracellular single unit recordings were obtained from nine individual NAc neurons that responded to stimulation of the fimbria, but not the BLA. These recordings were taken from six rats that had electrochemical recording electrodes implanted into the ipsilateral NAc. Tetanic stimulation of the fimbria resulted in a transient increase in DA efflux that was time-locked to the presentation of the tetanus. This was followed promptly by a brief period of inhibition, and then a second, more prolonged increase in DA efflux that was significantly elevated 25 min after tetanic fimbria stimulation, as reported previously (Blaha et al., 1997) (F (7,42) ϭ 3.6, p Ͻ 0.005 and Dunnett's, p Ͻ 0.05) (Fig. 2 A) . In seven of nine (78%) NAc neurons recorded simultaneously with electrochemical measures of DA oxidation currents, tetanic stimulation of the fimbria also produced a robust short-term potentiation (lasting 25 min) in fimbria-evoked spiking activity (F (6,48) ϭ 2.2, p Ͻ 0.05 and Dunnett's, p Ͻ 0.01) (Fig. 2 B,C) . Thus, high-frequency stimulation of glutamatergic hippocampal inputs to the NAc increased mesoaccumbens DA release, which was accompanied by an increase in the excitability of NAc neurons in response to fimbria stimulation.
To ascertain the receptor mechanisms mediating the potentiation of hippocampal-evoked spiking activity, separate groups of rats (86 cells recorded from 65 animals) received intravenous administration of selective DA or NMDA receptor antagonists. The overall analysis of these data revealed a significant time ϫ drug treatment interaction (F (6,366) ϭ 1.9; p Ͻ 0.001).
Injection of the D 1 antagonist SCH23390 (0.5 mg/kg) abolished the potentiation of fimbria-evoked spiking activity in all cells tested (nine of nine; 100%). Furthermore, pretreatment with SCH23390 resulted in a significant ( p Ͻ 0.01) long-lasting depression in fimbria-evoked spiking activity (eight of nine neurons; 89%) that lasted throughout the 25 min recording session (Fig.  3A,B) . The effects of SCH23390 were dose-dependent (n ϭ 6 for each dose) ( Table 1 ). This depression was not caused by a nonselective action of SCH23390 by itself, because injection of SCH23390 without applying fimbria tetanus produced no significant change in firing activity evoked by 2 Hz fimbria stimulation (n ϭ 5; F (7,28) ϭ 0.28, NS) (Fig. 3E) . Injections of the D 2 receptor antagonist sulpiride alone (5 mg/kg) did not block the potentiation of fimbria-evoked spiking activity by fimbria tetanus, observed in 7 of 11 neurons (63%) (Fig. 3A) . However, SCH23390 (0.5 mg/kg) and sulpiride (5 mg/kg) in combination resulted in only a transient (2 min) post-tetanic depression of fimbria-evoked activity (n ϭ 8) (Fig. 3A) . It is also noteworthy that repetitive trains of 2 Hz stimulation of the fimbria over a 20 min period without tetanic stimulation produced no change in fimbriaevoked spiking activity (Fig. 3E) , indicating that repeated trains of 2 Hz stimulation do not produce changes in synaptic efficacy in the NAc.
The enhancement of the response of NAc neurons to fimbria stimulation was critically dependent on the initial increase in DA efflux that occurred coincidentally with tetanic activation of hippocampal inputs. Administration of SCH23390 (0.5 mg/kg) 3 min after fimbria tetanus, before the secondary prolonged increase in NAc DA efflux, failed to block the potentiation of fimbria-evoked spiking activity in all neurons tested (n ϭ 7/7, 100%; F (7, 35) ϭ 3.0, p Ͻ 0.05) (Fig. 3D) . In fact, injections of SCH23390 after tetanus prolonged the time course of the potentiation, with all cells Gray squares represent percent change in fimbria-evoked spiking probability normalized to the spike probability obtained 2 min before tetanus. Vertical filled arrows indicate time points at which trains of 2 Hz fimbria stimulation were administered. Double asterisks denote significance from baseline spike probability (sample 7 min before tetanus) at p Ͻ 0.01. C, Peristimulus time histograms showing the typical response from a NAc neuron 2 min before and 2, 10, and 20 min after fimbria tetanus. This neuron displayed a baseline spiking probability of 0.6 at a stimulation current of 650 A. After tetanic stimulation of the fimbria ( gray bar), the spiking probability of the neuron (at the same stimulation current) was increased to ϳ1.0. Arrows represent time points when trains of 2 Hz fimbria stimulation were administered.
displaying an enhancement of evoked spiking activity 30 min after tetanus. Collectively, these data indicate that the short-term potentiation of hippocampal-evoked spiking activity in NAc neurons after tetanic stimulation of the fimbria is mediated by the transient increase in DA efflux that is time-locked to the arrival of higher frequency inputs. Of particular interest is the finding that during D 1 receptor blockade, activation of D 2 receptors resulted in a long-lasting depression (Ͼ30 min) of evoked spiking activity, as may be inferred from the reversal of this effect by coadministration of sulpiride.
Previous studies have shown that synaptic plasticity in the hippocampal-NAc pathway is dependent on NMDA receptor activation (Pennartz et al., 1993; Feasy-Trugger and ten Bruggencate, 1994) . In accordance with these findings, the NMDA receptor antagonist CPP [1.0 (n ϭ 7) or 0.1 (n ϭ 6) mg/kg, i.v.] produced a dose-dependent effect similar to that of SCH23390, because it blocked the tetanus-induced potentiation of fimbriaevoked spiking activity and caused a significant ( p Ͻ 0.01), long-lasting depression of fimbria-evoked spiking activity in 100% of the neurons tested (Fig. 3C, Table 1 ). CPP alone without fimbria tetanus had no significant effect on fimbria-evoked spiking activity (n ϭ 5) (Fig. 3E) . As observed after fimbria tetanus in the presence of D 1 receptor blockade, D 2 receptors again played a role in the inhibition of evoked spiking activity after NMDA receptor blockade. Coadministration of CPP and sulpiride (5 mg/kg) resulted in a shorter lasting ((10 min), nonsignificant reduction in fimbria-evoked spiking activity (Fig. 3C) .
Unlike the effects observed with SCH23390, administration of CPP 3 min after tetanus abolished or attenuated the potentiation of fimbria-evoked spiking activity in six of seven neurons (86%) typical response from a single NAc neuron pretreated with SCH23390 10 min before tetanus, at baseline (2 min before), and 2, 10, and 20 min after fimbria tetanus. Baseline spiking probability was 0.62 (800 A), and after fimbria tetanus ( gray bar), the spiking probability decreased by Ͼ50%. Arrows represent time points at which trains of 2 Hz fimbria stimulation were administered. C, Change in fimbria-evoked spiking from control neurons ( gray squares), after pretreatment with the NMDA receptor antagonist CPP (1.0 mg/kg; black squares), and after pretreatment with a combination of CPP and sulpiride (white hexagons). D, Change in fimbria-evoked spiking activity after post-tetanus injection of SCH23390 (black circles) or CPP (black squares). Arrow indicates time point when the drugs were administered (3 min after tetanus). E, Change in fimbria-evoked spiking activity recorded from NAc neurons after 20 min of 2 Hz stimulation in the absence of drug and another 25 min of 2 Hz stimulation after injection of either SCH23390 or CPP. For all figures, double asterisks denote significance from baseline spiking probabilities at p Ͻ 0.01 (Dunnett's test).
tested (F (7,42) ϭ 0.5, NS) (Fig. 2 D) . This confirms that activation of NMDA receptors is necessary for both the induction and maintenance of the DA-mediated potentiation of fimbria-evoked spiking activity in NAc neurons. A separate series of experiments demonstrated that a systemic injection of CPP did not block mesoaccumbens DA efflux evoked by tetanic stimulation of the fimbria (n ϭ 6; mean peak increases in DA oxidation current, control ϭ 0.83 nA, CPP ϭ 0.90 nA). It should be noted however that intra-NAc administration of APV has been shown to block increases in mesoaccumbens DA efflux evoked by tetanic stimulation of hippocampal inputs to the NAc in both anesthetized (Blaha et al., 1997) and freely moving rats (Taepavarapruk et al., 2000) . The lack of effect in the present study suggests that at the present dose, route of administration, or specific pharmacological actions of this NMDA antagonist (i.e., CPP) was not sufficient to block hippocampal-mediated DA release that is regulated by NMDA receptors in the NAc. Thus, the potentiation of hippocampal-evoked spiking activity of NAc requires a cooperative action of both D 1 and NMDA receptors, and after blockade of either of these receptors, there remains a D 2 -receptor mediated reduction in cell excitability.
The role of dopamine in homosynaptic facilitation of hippocampal-evoked spiking activity and heterosynaptic depression of BLA-evoked activity of NAc neurons
A sub-population of NAc neurons receives converging input from both the hippocampus and the BLA (Callaway et al., 1991; O'Donnell and Grace, 1995; Mulder et al., 1998) . Tetanic stimulation of the fimbria can evoke long-term potentiation of fimbriaevoked field potentials in the NAc while simultaneously causing long-term depression of the BLA-NAc pathway (Mulder et al., 1998) . The latter study did not specify whether the homosynaptic potentiation of the hippocampal inputs and heterosynaptic depression of the BLA inputs to the NAc occurs in neurons that receive converging input from both regions. Moreover, the underlying cellular mechanisms that mediated these opposing effects on synaptic plasticity of limbic inputs to the NAc are poorly understood. In light of the present data, showing that tetanic stimulation of fimbria results in DA-dependent changes in evoked firing activity of NAc neurons, it is possible that the opposing effects on synaptic plasticity of different converging inputs to the NAc were mediated in part by mesoaccumbens DA transmission. Therefore, extracellular single-unit recordings were made from 55 NAc neurons (37% of all cells) that received converging input from both the hippocampus and BLA.
Stimulation of the fimbria produced a robust excitatory response with spike latencies that were similar to those observed in neurons that only responded to fimbria stimulation. These cells also exhibited monosynaptic responses to BLA stimulation (latency range, 11-29 msec). The mean baseline spike probability for all cells was 0.502 Ϯ 0.02 for fimbria-evoked responses and 0.533 Ϯ 0.03 for BLA-evoked responses (F (1,49) ϭ 0.76; NS). The baseline spike probabilities for both fimbria-and BLA-evoked spiking activity did not differ between treatment groups (F (5,49) ϭ 0.16; NS). We were unable to record from three control cells continuously for the entire 25 min recording period. Thus, only the data from the first 15 min after tetanus were used in this analysis.
In six rats, tetanic stimulation of the fimbria produced a transient increase in DA efflux, as measured by chronoamperometry, that was time-locked to the presentation of the tetanus, followed by a longer lasting decrease in extracellular DA levels (F (5,35) ϭ 4.69, p Ͻ 0.005 and Dunnett's, p Ͻ 0.05). Interestingly, when both the fimbria and BLA were stimulated at 2 Hz after fimbria tetanus, the prolonged increase in DA release that was observed previously (Blaha et al., 1997) (Fig. 2 A) was absent after this stimulation protocol (Fig. 4 A) . This effect may be attributable to activation of metabotropic glutamate receptors by low frequency stimulation of both hippocampal and BLA inputs to the NAc (Blaha et al., 1997; Floresco et al., 1998) .
In these same animals, fimbria-evoked spiking activity of NAc neurons was potentiated, in a manner similar to that described above, which was apparent 1 min after tetanus (eight of nine neurons, 89%) (Fig. 4 B, black bars) . However, tetanic stimulation of the fimbria resulted in a depression of BLA-evoked spiking activity, in these same neurons (seven of nine neurons; 78%) (Fig.  4 B, gray bars) (time ϫ input interaction, F (3,24) ϭ 6.9, p Ͻ 0.01 and Dunnett's, p Ͻ 0.01). BLA-evoked spiking activity was depressed maximally (ϳ50% decrease) during the sample taken immediately after fimbria tetanus, when DA oxidation currents reached peak values and slowly returned to baseline levels over the next 10 -15 min.
Separate pharmacological experiments (n ϭ 34 rats) revealed that both the potentiation of fimbria-evoked spiking activity and suppression of BLA-evoked spiking activity after fimbria tetanus were abolished by pretreatment with SCH23390 (0.5 mg/kg, i.v.; n ϭ 9) (Fig. 4C) , suggesting that D 1 receptors mediate both of these effects. However, considering the dose of SCH23390 used in this experiment, we cannot rule out the possibility that a 5-HT2 receptor mechanism may also play a role in the suppression of BLA-evoked activity (Bischoff et al., 1986) . Injections of sulpiride (5 mg/kg; n ϭ 11) had no effect (Fig. 4C) . CPP blockade of NMDA receptors (1.0 mg/kg; n ϭ 9), abolished the potentiation of fimbria-evoked spiking activity, but had no effect on the suppression of BLA-evoked spiking activity (Fig. 4C) .
Presynaptic inhibition of glutamatergic inputs to the NAc by D 1 receptor activation can be co-mediated by adenosine, acting as a retrograde messenger to inhibit glutamate inputs presynaptically via the A 1 receptor (Harvey and Lacey, 1997) . We observed that the adenosine A 1 antagonist DPCPX (2.5 mg/kg, i.v.) markedly reduced the suppression of BLA-evoked spiking activity after fimbria tetanus in a separate group of neurons (n ϭ 10) but had no effect on the potentiation of hippocampal-evoked spiking activity (Fig. 4C) . This is consistent with the role of adenosine as an inhibitory retrograde signal. Thus, a brief increase in DA efflux evoked by high-frequency activity in hippocampal afferents to the NAc is sufficient to enhance fimbria-evoked spiking activity, while simultaneously causing a suppression of BLA-evoked spiking activity in the same neurons. The homosynaptic potentiation of hippocampal evoked activity requires both D 1 and NMDA receptor activity, whereas the heterosynaptic suppression of BLAevoked firing is dependent on both D 1 and adenosine A 1 receptors.
The differential modulation by DA over hippocampal and BLA-evoked activity may have been attributable to the fact that there was a selective increase in the activity in the hippocampalNAc pathway at the time when DA was released, while at the same time, inputs from the BLA were quiescent. It follows therefore that the inhibitory effects of DA on BLA-evoked spiking activity should be reversed if BLA inputs were active at the time of DA release. Consistent with this hypothesis, coincidental tetanic stimulation of both the fimbria and the BLA [100 pulses for each input, alternating bursts, 10 bursts at 10 pulses per burst (20 Hz), 500 msec interburst interval] resulted in potentiation of both hippocampal and BLA-evoked spiking activity in the same neurons (n ϭ 7) (Fig. 4C) . We have shown previously that tetanic stimulation of the BLA evoked an increase in mesoaccumbens DA efflux , and a separate study confirmed that the potentiation of BLA-evoked spiking activity after BLA tetanus was mediated by the D 1 receptor .
DISCUSSION
The present data suggest that DA transmission in the NAc plays a critical role in an input selection mechanism that permits certain inputs to have preferential, but temporary, influence over neural activity in the NAc. Higher-frequency activity in the glutamatergic hippocampal-NAc pathway can directly facilitate the release of mesoaccumbens DA. This transient increase in NAc DA activity, which is time-locked to the tetanic depolarization of NAc neurons, is sufficient to facilitate subsequent hippocampal-evoked neural activity of NAc neurons, whereas the subsequent increase in DA does not appear to play a role in this potentiation. Furthermore, the cooperative interaction between D 1 and NMDA receptors plays a key role in this potentiation. Blockade of either D 1 or NMDA receptors reveals a D 2 -mediated suppression of fimbria-evoked spiking activity. In addition, DA release facilitated by high-frequency hippocampal inputs also exerts an activity-dependent inhibition of BLA inputs converging on the same NAc neuron. This effect may occur via a presynaptic mechanism that involves a cooperative interaction between D 1 and adenosine A 1 receptors. Therefore, the modulation of mesoaccumbens DA release by hippocampal afferents provides an intrinsic activity-dependent coincidence detection mechanism. The release of DA that occurs when this input pathway is active serves two functions: the hippocampal input is amplified, whereas subsequent activity in BLA projections to the same neuron is inhibited.
Cellular mechanisms for the DA-mediated potentiation of hippocampal-NAc pathway
There are a number of potential cellular mechanisms by which D 1 receptor activation could facilitate hippocampal evoked-spiking activity of NAc neurons. These include (1) inhibition of Na ϩ / K ϩ ATPase (Betrorello et al., 1990) , (2) enhancement of L-type Ca 2ϩ channels (Hernández-López et al., 1997; Cepeda and Levine, 1998), or (3) direct augmentation of NMDA receptor activity via phosphorylation of NMDA channels by protein kinase A and C-mediated second messenger cascades (Blank et al., 1997; Cepeda and Levine, 1998; Chergui and Lacey, 1999) . Thus, activation of D 1 receptors after DA release, in combination with tetanic depolarization of NAc neurons (both of which are achieved by stimulation of hippocampal afferents), could activate a number of different cellular mechanisms that would lead to a longer lasting depolarization of these cells. Under these circumstances, medium spiny neurons are more responsive to subsequent stimulation of glutamate inputs from the hippocampus, thereby increasing probability of cell firing (Fig. 5) . Blockade of NMDA receptors, either before or after tetanic stimulation of the fimbria, abolished the potentiation of hippocampal-evoked activity, suggesting that the enhancement of NMDA receptor activity is involved critically in the induction and maintenance of the potentiated neuronal excitability in NAc neurons. Histograms represent percent change in fimbria-and BLAevoked spiking probability normalized to the spike probabilities obtained 2 min before tetanus. Location of the histograms on the abscissa indicates time points at which trains of 2 Hz stimulation of either the fimbria or BLA were administered. Tetanic stimulation of the fimbria increased fimbria-evoked spiking probability while suppressing BLA-evoked spiking activity in the same neurons. C, Mean percent change (Ϯ SEM) in fimbria (black histograms) and BLA-evoked ( gray) spiking activity recorded from NAc neurons averaged over the first 12 min after fimbria tetanus for control treatment, SCH23390 (0.5 mg/kg), sulpiride (5.0 mg/kg), CPP (1.0 mg/kg), the adenosine A 1 antagonist DPCPX (2.5 mg/kg), and tetanic stimulation of both the fimbria and the BLA. Baseline spike probabilities for each condition have been omitted for clarity. Asterisks and double asterisks denote significance from baseline spike probability (sample 7 min before tetanus) at p Ͻ 0.05 and 0.01, respectively.
Our finding of a D 2 -mediated suppression of evoked firing activity after blockade of either D 1 or NMDA receptors is particularly intriguing. It suggests that under some conditions, D 1 and D 2 receptors may act in an antagonistic manner, with D 1 receptors promoting an increase in neural excitability and D 2 receptor activity producing an inhibition of firing. Other studies have shown a cooperative interaction between D 1 and D 2 receptors in the NAc (White and Wang, 1986; Hu and White, 1994) . However, in these studies, DA agonists were applied iontophoretically to the NAc neurons, and coactivation of D 1 and D 2 receptors exerted synergistic suppressive actions on glutamateinduced firing activity. It is apparent, therefore, that in addition to inhibiting the activity of NAc neurons via a cooperative interaction with D 2 receptors, D 1 receptors can also facilitate neural activity by a cooperative interaction with NMDA receptors, and this can work in an opposite manner to the effects of D 2 receptor stimulation. Consistent with the present findings, other studies have shown that the D 1 antagonist SCH23390 blocks long-term potentiation of neurons in the dorsal striatum after highfrequency stimulation of corticostriatal fibers, whereas administration of the D 2 antagonist sulpiride enhanced the potentiation (Calabresi et al., 2000) . The competition between D 1 and D 2 receptors may be mediated through intracellular second messenger such as adenylyl cyclase systems or by modulation of different ionic conductances by D 1 and D 2 receptors (Surmeier and Kitai, 1993; Nestler, 1994; Cepeda and Levine, 1998) .
Activity-dependent modulation by DA over BLAevoked activity of NAc neurons
The present finding that DA release facilitated by high-frequency hippocampal inputs also exerts an activity-dependent suppression of BLA inputs converging on the same NAc neuron is of particular relevance to the issue of input selection. The fact that mesoaccumbens DA release enhances hippocampal-evoked activity of NAc neurons while simultaneously suppressing firing evoked by BLA stimulation suggests that the inhibitory actions of D 1 receptors may occur via a presynaptic mechanism (Yim and Mogenson, 1986; Mogenson et al., 1993) . However, given the use of systemic administration of antagonists in the present study, we cannot rule out the possibility that postsynaptic actions of DA may also play a role in this suppression of BLA-evoked spiking activity. Nevertheless, the hypothesis that DA inhibits BLAevoked firing presynaptically is supported by a number of in vivo and in vitro studies demonstrating that DA or D 1 receptor agonists can inhibit glutamatergic inputs to the NAc originating from a number of limbic and cortical regions Mogenson, 1984, 1986; Yim and Mogenson, 1986; Pennartz et al., 1991; Nicola et al., 1996; Harvey and Lacey, 1997; Nicola and Malenka, 1997) .
Although the above-mentioned studies have suggested that DA inhibits synaptic activity in the NAc via a D 1 -receptor mediated presynaptic mode of action, anatomical evidence demonstrating the existence of presynaptic D 1 receptors on glutamate terminals in the NAc is lacking. Harvey and Lacey (1997) have reported that the presynaptic inhibition of glutamate inputs to NAc neurons produced by a D 1 agonist was abolished by coadministration of the adenosine A 1 receptor antagonist DPCPX. These authors concluded that postsynaptic activation of D 1 receptors on medium spiny neurons leads to the formation of adenosine, which acts as a retrograde messenger to inhibit glutamate release presynaptically. A similar finding was observed in the present study, in which the inhibition of BLA-evoked spiking activity involved a cooperative interaction between D 1 and adenosine A 1 receptors (Fig. 5) . Administration of either SCH23390 or DPCPX blocked the suppression of BLA-evoked spiking activity.
The finding that DA and adenosine-mediated suppression of BLA-evoked spiking activity was frequency-and activitydependent has important implications. When the release of DA (induced by fimbria tetanus) occurred while BLA inputs were inactive, subsequent BLA-evoked spiking activity of NAc neurons was reduced. However, when both hippocampal and BLA afferents were tetanized simultaneously, firing evoked by both afferents was potentiated. DeFrance et al. (1985) observed that ionotophoretic application of DA suppressed fimbria-evoked field potentials in the NAc when the fimbria was stimulated at a lower frequency (1 Hz), but had no such effect at a higher stimulation frequency (6 Hz). Similarly, stimulation of the DA cell bodies in the VTA inhibited hippocampal-evoked synaptic responses in the prefrontal cortex, but facilitated long-term potentiation in this pathway when the VTA was stimulated coincidentally with tetanic stimulation of the hippocampus (Gurden et al., 1999) . Likewise, Wickens et al. (1996) reported that pulsatile application of DA in a corticostriatal slice, coincidental with tetanic stimulation of glutamatergic inputs, resulted in long-term potentiation of cortically evoked activity, whereas prolonged bath application of DA combined with tetanus resulted in long-term depression. It is Figure 5 . Diagram of hippocampal, BLA, and DA inputs, synapsing on separate dendrites of an individual medium spiny neuron in the NAc, illustrating the processes that may mediate the differential effects of DA D 1 receptor activity on NAc neuron firing. On the left spine, glutamatergic inputs from the hippocampus can activate both the postsynaptic NAc dendrite and facilitate the release of DA. DA activates postsynaptic D 1 receptors and can depolarize this dendrite by modulation of postsynaptic NMDA receptors. The net effect would be an enhancement of hippocampal-evoked activity. Stimulation of D 1 receptors can also lead to the formation of adenosine. On the right spine, adenosine, released from the postsynaptic NAc neuron, may act as a retrograde signal (Harvey and Lacey, 1997) to inhibit glutamate inputs from the BLA, which are inactive at the time of DA release, via A 1 receptors, putatively (?) located on presynaptic glutamate terminals originating from the BLA. The net effect would be a suppression of BLA-evoked activity. The size of the arrows represents the relative strength of the response evoked by each input after DA modulation of neural activity. apparent, therefore, that key determinants of whether DA will suppress or facilitate subsequent activity of NAc neurons evoked by a specific limbic afferent are firing frequency of the particular input and coincidental activation of D 1 receptors.
Although the mechanism underlying frequency and activitydependent modulation by DA and adenosine of glutamate inputs to the NAc is unclear, these effects may be attributable to the differential effects of DA (and possibly adenosine) on ionic conductances, as a function of the membrane potential at which the neuron is operating at a given moment (Surmeier and Kitai, 1993; Hernández-López et al., 1997) . With respect to the present study, it is possible that the concomitant release of DA when BLA inputs were inactive may have modulated voltage-gated ion channels located on presynaptic glutamate terminals, thereby inhibiting glutamate release. However, when the terminals were active, the voltage-gated ion channels on these terminals would undergo configurational changes that may prevent the dopaminergic and adenosinergic modulation of these ionic conductances, offsetting the inhibitory effects of these transmitters on glutamate release. As already discussed, facilitation of DA release by high-frequency activity in either hippocampal or BLA afferents to the NAc (Blaha et al., 1997; Floresco et al., 1998) would provide an inherent mechanism to ensure that an increase in mesoaccumbens DA release occurs coincidentally with the glutamatergic activation of the postsynaptic NAc neuron by a specific limbic afferent. It is interesting to note that a similar mechanism appears to mediate synaptic plasticity in the hippocampal-prefrontal cortical pathway, whereby tetanic stimulation of the ventral subiculum results in an increase in mesocortical DA efflux and D 1 -receptor dependent long-term potentiation of hippocampal afferents to the prefrontal cortex (Gurden et al., 2000) .
Functional implications
The present finding that D 1 receptor activity can exert opposite effects on hippocampal and amygdalar inputs synapsing on the same neuron in the NAc highlights the importance of the mesoaccumbens DA system in input selection. These data are consistent with contemporary theory regarding the function of DA transmission in the basal ganglia, which postulates that D 1 receptor activity serves to strengthen the most salient inputs while at the same time inhibiting weaker inputs (Oades, 1985; Schultz, 1998; Nicola et al., 2000) . The present findings also highlight the importance of the timing of DA release, coincidental to the arrival of higher-frequency glutamatergic inputs to NAc neurons. DA can potentiate active glutamatergic inputs while inhibiting those inputs that are inactive when D 1 receptor stimulation occurs. It is noteworthy that the facilitatory effect of DA on the evoked activity of NAc neurons is consistent with psychopharmacological data, which show that enhanced mesoaccumbens DA transmission can exert a "gain-amplifying effect" on behaviors that are mediated by limbic-striatal circuits, thereby facilitating the influence that information processed by the hippocampus exerts over patterns of behavior mediated by the ventral striatum (Robbins and Everitt, 1996; Floresco and Phillips, 1999) . A combination of selective amplification and inhibition of separate limbic inputs synapsing on the same NAc neurons is also consistent with the hypothesis that the mesoaccumbens DA system plays an important role in response selection or behavioral switching (Oades, 1985; Van de Bos et al., 1991; Pennartz et al., 1994; Salamone et al., 1997; Ikemoto and Panksepp, 1999; Redgrave et al., 1999) . Redgrave et al. (1999) have proposed that DA "could assist in preparing the animal to deal with the unexpected by promoting the switching of attentional and behavioral resources toward biologically significant stimuli." Accordingly, activity-dependent modulation by DA of limbic afferents to the ventral striatum may represent a cellular mechanism for input selection that governs the smooth coordination of behavior, by permitting information processed by one cognitive system to have preferred access to the motor systems via the NAc and thereby temporarily exert control over the type and intensity of adaptive behavioral responses.
